University of Texas at El Paso

ScholarWorks@UTEP
Open Access Theses & Dissertations
2021-12-01

Electron Beam Melted Parameter Development Of Pure Tungsten
& Post-Processing Hip And Heat Treatment Of Gamma Titanium
Aluminide
Kurtis Isami Watanabe
University of Texas at El Paso

Follow this and additional works at: https://scholarworks.utep.edu/open_etd
Part of the Mechanical Engineering Commons

Recommended Citation
Watanabe, Kurtis Isami, "Electron Beam Melted Parameter Development Of Pure Tungsten & PostProcessing Hip And Heat Treatment Of Gamma Titanium Aluminide" (2021). Open Access Theses &
Dissertations. 3460.
https://scholarworks.utep.edu/open_etd/3460

This is brought to you for free and open access by ScholarWorks@UTEP. It has been accepted for inclusion in Open
Access Theses & Dissertations by an authorized administrator of ScholarWorks@UTEP. For more information,
please contact lweber@utep.edu.

ELECTRON BEAM MELTED PARAMETER DEVELOPMENT OF PURE TUNGSTEN &
POST-PROCESSING HIP AND HEAT TREATMENT OF GAMMA TITANIUM
ALUMINIDE

KURTIS ISAMI WATANABE
Master’s Program in Mechanical Engineering

APPROVED:

Francisco Medina, Ph.D., Chair

Ryan Wicker, Ph.D.

Amit Lopes, Ph.D.

Stephen L. Crites, Jr., Ph.D.
Dean of the Graduate School

Copyright ©

by
Kurtis Isami Watanabe
2021

Dedication
I dedicate this to my parents and loving partner who supported me through this academic
journey.

ELECTRON BEAM MELTED PARAMETER DEVELOPMENT OF PURE TUNGSTEN &
POST-PROCESSING HIP AND HEAT TREATMENT OF GAMMA TITANIUM
ALUMINIDE

by

KURTIS ISAMI WATANABE, B.S.M.E.

THESIS
Presented to the Faculty of the Graduate School of
The University of Texas at El Paso
in Partial Fulfillment
of the Requirements
for the Degree of

MASTER OF SCIENCE

Department of Mechanical Engineering
THE UNIVERSITY OF TEXAS AT EL PASO
December 2021

Acknowledgements
I am thankful for my advisor, Dr. Medina, for when I stepped into his office to ask for
opportunity to work within the W.M. Keck Center for 3D Innovation and he decided to take a
chance on me. The ability to work within the lab has made me aware of the possibilities of additive
manufacturing technologies and the potential of further development during my lifetime. I am
thankful for Dr. Wicker as director of the Keck Center and the supporting staff, Dr. Cesar Terrazas,
Alfonso Fernandez, and Dr. Edel Arrieta for the leadership and for providing the infrastructure of
this lab to allow the students to learn and grow with one of a kind, hands-on opportunities. Also, I
am thankful students that helped me along the way. Sol Barraza, Julio Diaz, Aldo Rubio, Alex de
la Cruz, and Dana Godinez. Going back to school was a challenging choice, but it was ultimately
for the best. Everyone here really helped shape my experience to an overall positive one.
Also, I am truly thankful to my parents and partner who we survived highs and lows with.
We will strive to continuously learn and grow together.

v

Abstract
Pure tungsten is a refractory metal and has been gaining interest for the use in nuclear
fusion reactors as a plasma facing material. Titanium Aluminide (TiAl) has been growing in
popularity as a possibly to phase out Nickel based superalloys due to its high specific strength at
elevated temperatures. These two materials suffer from poor machinability due to being brittle at
room temperature. Additive manufacturing (AM) is a recently developed manufacturing method
that is fundamentally different than formative or subtractive. AM is a layer-by-layer process that
has the potential to manufacture metals to a near net shape. Since the AM process is highly
variable, the process and resulting material properties need to be verified. The goal of this thesis
was to understand the machine parameters that allows processing of these materials. Tungsten is
in an early developmental phase; the goal was to find processing parameters that would yield fully
dense tungsten. The build substrate and support structures are critical in the production of the final
part. Energy densities greater than 370 J/mm3 led to ~98% relative density of pure tungsten.
Regarding TiAl, the “as built” condition suffers from anisotropy or heterogeneity in the
microstructure, so post processing is highly recommended. The TiAl underwent Hot Isostatic
Pressing (HIP) and heat treatment to improve the “as built” parameters. Metallography and tensile
tests were completed to determine the mechanical properties. The cooling rate of 5°C/min caused
the resulting microstructure to be similar with similar mechanical properties. The microstructure
was nearly fully lamellar which had around 380 MPa yield stress and around 410 MPa ultimate
tensile stress. The elongation was less than 1%. These experiments lay the groundwork for future
manufacturing of brittle materials using electron beam powder bed fusion technology. This proves
that this can be an effective method of manufacturing to produce favorable material properties for
use in their respective applications.
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Chapter 1: Introduction
1.1 TUNGSTEN APPLICATIONS
Tungsten is a known as a refractory metal which is a material that has a high melting point
and high resistance to wear [1]. Tungsten has one of the highest melting points of all metals along
with high density and high thermal conductivity. In the 1950s to mid-1970s most of the research
was formed around missile and spacecraft propulsion and select jet engine components. Since then
there has been a focus on possible nuclear applications or other areas that require reliable material
properties at high temperatures such as rocket nozzles [2,3]. This makes it a great candidate to
operations with a high heat flux requirement such as nuclear shielding for plasma facing material
[4,5]. Nuclear fusion is of growing interest in the global scene. The recently formed the
International Thermonuclear Experimental Reactor (ITER) and Axially Symmetric Diverter
Experiment (ASDEX) Upgrade requires a material that can withstand the high heat flux [6,7].
These programs are in place to assist with the global energy shortage. Pure tungsten has been
shown to limit the retention of impurities in the process and can keep the diverter tokamak in
operation for longer [8]. Figure 1 shows an image of inside a fusion reactor that uses tungsten as
first wall shielding.
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Figure 1 – Interior of Joint European Torus (JET) nuclear fusion reactor [9]
Figure 2 shows a figure of the specific strength vs. material operating temperature. The
specific strength is the yield strength that is normalized by the material density. This shows what
niche the refractory metals can have in the industry. However, there are problems of this material
being challenging to manufacture. At room temperature, tungsten is brittle, and conventional
subtractive machining would likely cause cracks in the material. Pure tungsten is an expensive
material to refine and manufacture, and waste by manufacturing should be limited [10].

Figure 2 – Specific strength vs. maximum operating temperature [11]
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1.2 ADDITIVE MANUFACTURING (AM)
To solve the issue of poor material machinability, a method known as Additive
Manufacturing (AM) has been growing in popularity. AM, also known as 3D printing or rapid
prototyping, is an alternative method of manufacturing. This process is characterized by starting
with a three-dimensional Computer Aided Design (CAD) model that is translated by a software to
control the toolpath of that technology to build the part. This process is completed layer-by-layer
that ultimately creates the three-dimensional part [12–14]. This is fundamentally different than
subtractive and formative manufacturing. In subtractive manufacturing the final shape is created
through the selective removal of material, and in formative manufacturing the final shape is created
through the application of pressure onto a raw material [15].
In the late 1980’s AM was developed and commercially used for rapid prototyping. This
used a light-sensitive liquid polymer as the feedstock and a laser so that it could selectively cure
specific regions of the vat of photopolymer [13,16]. This evolved into the development of
alternative feedstock like thermoplastics that can be extruded selectively through a heated nozzle
and more recently metal powders [15,16]. This market has grown substantially, and it has moved
toward other goals like end-use parts, jigs and fixtures, as well as education and research as shown
in Figure 3 [17]. This is a 2019 plot of the AM applications in the industry, and as of then only
about a quarter of the total market has been used for prototyping.
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Figure 3 – 2019 AM applications in the industry [17]
The metal additive market is categorized by technology, such as binder jetting, Directed
Energy Deposition (DED), and Powder Bed Fusion (PBF) [15,16]. The metal AM technologies
represent a significant development in the industry and are all viable for their respective niche.
The main drive of the chosen technology is the end application of the final part [12]. These
technologies are being investigated for their feasibility to produce satisfactory materials that is
difficult to manufacture by conventional means, such as tungsten.
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1.3 SECTION OBJECTIVES
The combination of AM with pure tungsten is a relatively new region of research. This has
the potential to create unique structural components with this difficult to manufacture material that
would be impossible to fabricate otherwise. This research starts with the ability to produce dense
parts with this technology. The main objectives are as follows:


Develop parameters to use electron beam powder bed fusion AM technology to
manufacture high density samples from pure tungsten



Review the densities of the product and relate to the energy input from the AM technology
and inspect “as built” microstructure
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Chapter 2: Literature Review
2.1 PROS AND CONS OF AM TECHNOLOGY
AM technology has been praised for its use of creating parts that could not be made by
conventional means. For example, AM can create internal channels or holes that are impossible to
do with a drill or cutter. Lattices or other complicated geometries could be printed which can
reduce the part’s weight, cost, and production time, while maintaining the required material
properties [18]. AM is known as being able to disrupt the conventional manufacturing chain
[12,19]. The time taken from design to a printed part is much quicker than conventional means
which generally require machined tooling, machine setups, or other specialty equipment [20]. The
designs can be iterated quickly which can save time in a production environment. Importantly,
since the bulk or virginial material would not need to be cut away it can save cost on in terms of
material consumption. AM can also reduce the environmental impact since there are fewer
processes involved and feedstock can usually be recycled, which can lead to more sustainable
manufacturing practices [19].
However, AM does have drawbacks. Since AM processes can only work layer-by-layer,
the time for production might not see improvement if large quantities are required. Even if setting
up the machine is simpler, there would still need to be technicians that understand the process and
the possible pitfalls. There are significant anisotropic or heterogeneous qualities of the parts based
on build direction and technology [21]. Quality control and product qualification can be
challenging since AM goes beyond just verifying the proper raw material and feature size of the
final part. There specific parameters between machines that might not be transferrable and
repeatability is not strong in this technology [22]. There has been developments in investigating
the inspection and testing required to produce aerospace quality parts; however, since the
7

technology not as mature as existing manufacturing methods there is still room for improvement
[23]. Realistically, a case-by-case analysis would need to be completed for each situation to verify
that there would be a significant reason and benefit for using AM technology.
Porosity is an inherent challenge in all AM technologies. These pores are a void in the
section of the part which has an overall detrimental effect on the bulk material properties [24].
However, if the pore generation is not well understood, this severely affects the material properties
and the repeatability of the manufacturing process. Also, the surface finish is usually worse than
conventional manufacturing. This is due to the layer-by-layer aspect of this technology [25]. Figure
4 shows an example of this in a zoomed in view. This and the porosity strongly influence the
fatigue characteristics of AM parts due to it being a region of crack initiation [26]. This is a leading
reason to why there is a substantial amount of research being done on the processing parameters
of the material and the resulting densities.

(a)

(b)

(c)

(d)

Figure 4 – (a) CAD model, (b) sliced part, (c) printed part, (d) zoom in on steps [25]
2.2 CURRENT METAL AM
There are seven different process categories of AM technologies that are defined by
ISO/ASTM. This thesis focuses on metal AM processes that use metal powder feedstock, which
are binder jetting, Directed Energy Deposition (DED), and Powder Bed Fusion (PBF) [15]. These
feedstocks are beneficial since they are free flowing and can be forced to move in a predictable
8

manner. The flow can be similar to that of fluids; however, there are significant inter-particle forces
that may interfere with the flowability [27]. Also, the technology for the powder creation has
already been developed for the Powder Metallurgy (PM) industry. PM bears a lot of similarities to
AM and was commercialized before AM. Utilizing the existing powder feedstock the various
technologies can focus on optimizing their respective methods of manufacture to produce a reliable
final product.
There is a “buy to fly” ratio when discussing items in terms of aerospace parts. This means
that the part that weighs less has a higher “buy to fly” ratio. The ratio is the starting billet mass to
the final billet mass [28]. A typical buy to fly ratio is 10:1 meaning that 90% of the original material
is just waste [29]. Aerospace components can have especially challenging geometries to
manufacture by conventional means [30]. The advancements of additive manufacturing can
continue to improve this ratio. Other examples of feasibility for aerospace include a large volume
envelope to volume ratio, quick turnaround times and small production runs [31]. The potential
for aerospace components exists if reliable and repeatable parameters are chosen.
2.2.1 Feedstock Powder Production
There is a high initial cost of the powder production as opposed to just billets of material.
The method of manufacture of the powders makes a significant change on the product [32]. For
example, a high amount of porosity in the powder can translate onto the finished part. Gas
atomization is a common method of powder production where the molten metal droplets interact
with an inert gas, like argon, and becomes spheroidized as it solidifies. Poor powder feedstock can
lead to the increased defects, non-uniform layering, and poor mechanical properties [33]. Just like
AM in general it the technology chosen depends on the outcome.
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2.2.2 Binder Jetting
Binder Jetting is a process that uses a printhead to selectively deposits a liquid binder onto
a powder bed. This was invented at MIT in the early 1990’s and has since been commercialized,
by companies like ExOne, 3D Systems, Voxeljet, and Desktop Metal [12,34]. This binder adheres
the powder to each other and to the layer below. That layer is then cured with a low power heating
element. Once that layer is complete, the build plate is lowered, and new powder is recoated onto
the previous layer. After the build is completed, the parts are very delicate and are transported to
an oven for a curing process. This process further hardens the binder to strengthen the part enough
to be properly de-powdered. This is known as a green part. For metal powder applications, further
post-processing is required. The green part is placed into a furnace for sintering or for infiltration
with a metal with a lower melting point, and this last heating process evaporates the binding agent
completely. The infiltration assists with filling the pores of the binder that was removed. This
infiltration uses capillary movement of a liquid metal to fill the existing pores in the solid part.
Figure 5 shows the main components of the binder jetting system.

Figure 5 – Binder Jetting Schematic [27]
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The benefit of this technology is that it can use a wide range of feedstock, ranging from
sand, ceramics, and metals [35]. These just require differing post processing. It also has the
capability to build color parts based on the binding solution. This can lead to potential as a unique
education tool [36].
The challenge of this technology is that is that it is a multi-step technology. Parts can be
delicate and are prone to fracture if the green parts are mishandled. Also, since the binder does
eventually burn away, there is porosity and anisotropic shrinkage between the build area and the
build direction. If the final dimensions have tight tolerances, then alternate solutions might be the
best.
2.2.3 Directed Energy Deposition (DED)
DED is like the name suggests there the energy is directed on top the deposited material.
The metal feedstock exits through a nozzle and contacts the energy source which then liquifies
that feedstock, and then resolidifies onto the substrate below. The feedstock could be in powder or
wire form and the energy source could be electron beam, laser, or plasma arc. OPTOMEC and
Sciaky are major commercial distributors of this technology [12]. Figure 6 below shows a
schematic of a laser deposition nozzle. The precursor powder is blown coaxially and interacts with
the beam where it is the most focused to fuse with the layers below.
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Figure 6 – Laser DED Schematic [37]
DED also has the potential to restore worn parts since it does not use a powder bed and the
build is on a gantry and is more flexible than PBF in that regard. There is less wasted feedstock
then in the other material processes. DED usually has a large build chamber since a powder bed is
not required. DED also has a higher deposition rate than L-PBF [38]. DED has the largest build
time per volume then the other technologies and can be scaled sufficiently well. This technology
also has the potential for functionally graded materials which can be changed by the deposition
material [39].
The challenge of this method of manufacturing is the operating environment of the build
chamber. This is usually exposed to an argon rich environment or possibly a vacuum in the case
of electron beam DED. However, the ambient temperature is not very high, and this can lead to
large temperature gradients in the build part. This can often lead to microcracks and other defects
for especially brittle materials. However, this process is inherent to porosity between the deposition
12

lines, like those seen in material extrusion. Thus, a post processing would likely be required in a
large-scale furnace which takes up another large footprint of the manufacturing area.
2.2.4 Laser Powder Bed Fusion (L-PBF)
Powder bed fusion is where there is a bed of powder, and the heat source selectively melts
or sinters regions of the powder bed. This is different from binder jetting in that the sintering and/or
melting happens between each layer process. Powder bed distribution systems can either be gravity
fed and raked over from a neighboring supply and then brought over with a rake mechanism. The
main difference between this and the following electron beam subsection is the heat source used.
This does however add varying complexities of these technologies that should be addressed. EOS,
3D Systems, and SLM are some of the major providers of this technology. However, there are a
large amount companies that are in this industry and all with their own benefit to have a
competitive advantage [40]. Figure 7 shows a schematic of an L-PBF system. What is not shown
is the galvanometers that guide that direct the beam to different areas of the powder bed. The gas
flow across the surface of the powder bed is another variable that can influence the subsequent
build quality.
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Figure 7 – L-PBF schematic [41]
Like binder jetting, the powder is spread flat across for each layer. However, the laser
applies focused energy to a specific region which is enough to melt and solidify in a matter of
microseconds. This laser hits the specific parts of the powder bed and then a new powder is raked
over the top. The build chamber environment is inert and either has argon or nitrogen to prevent
oxidation of the powder bed during the high temperature process. Since this technology utilizes
photons to melt the material, the reflectivity of the powder is of high importance and of research
interest [42]. In the early stages of this technology, it was only used as selective laser sintering,
where the powder would only slightly conglomerate to each other. However, higher powered lasers
started to be used with this technology to the point there they could achieve full melting of any
material.
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Similarly, to DED the challenge with this is the build environment. The temperature
gradient during the process can cause unwanted defects. There can be microcracks and residual
stresses that would need to be heat treated, specifically stress relieved, out of the part. Most of the
post-processing of L-PBF builds include this stress relief section to remove the residual stresses
accumulated throughout the process. Research has been done using various materials with a heated
build plate assist with maintaining the powder bed temperature. Different companies have been
attempting to use this, with the Aconity systems being able to induction heat the bed to around
1000°C [43]. This has been successful for certain materials but can be challenging for the middle
of the build, Also, the high temperature build plate heater is not a common feature in commercially
available laser systems.
2.2.5 Electron Beam Powder Bed Fusion (EB-PBF)
As mentioned previously, this technology uses the electron beam as the main heat source
of the powder bed fusion technology. This was made commercially available EB-PBF, also known
as electron beam melting (EBM), and were founded by Arcam AB in Sweden and was more
recently purchased by General Electric. Freemelt is another emerging company that is competing
in the market with an open source approach similar to Aconity [44]. For this thesis, the focus is on
Arcam’s systems.
As the name implies, electrons are used to selectively melt regions of the powder bed
below. It uses a high voltage power supply of 60 kV and a current of 0-50 mA which equates to a
3 kW electron beam gun. This electron beam gun has a tungsten filament that uses thermionic
emissions focus onto the powder bed. This beam of electrons is focused and directed by
electromagnetic lenses within the column. Since this technology uses magnets that means it is not
controlled by a physical galvanometer which has a mass and therefore an acceleration and force
15

associated. Importantly, this means that the electron beam can be directed much faster than the
laser beam. This allows for a preheat step that can be applied before every melt action. This step
is a main benefit since this maintains the powder bed working temperature so that the whole
environment is in a stable temperature that does not rapidly fluctuate. This significantly reduces
the temperature gradient within the parts, since it is the temperature gradient can generate the
cracks or residual stresses in the final part. Figure 8 is a schematic of the interior of one of Arcam’s
EB-PBF systems.

Figure 8 – Arcam EB-PBF interior [45]
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The chamber pressure needs to be in vacuum so that the electrons to not have significant
interference from the gun to the powder bed. This is maintained with an ultra-high purity helium
bleed which stabilizes the chamber pressure, avoids build-up of electrical charge, and ensures
thermal stability of the process [46,47]. The purity of the helium is also to prevent oxidation of the
components of the powder bed.
There are a handful of key parameters that can be adjusted to control the amount of energy
per layer. The beam speed in the case of Arcam’s EBM is controlled by a unitless parameter called
the speed function. This parameter determines the beam speed based as a function of the current.
The current can also be adjusted from 0 to 50 mA which determines how much power is being
outputted by the electron beam. The hatch distance, which is the distance from scan line to the
neighboring scan line can be varied to adjust the energy into the layer. The layer thickness can be
altered in the slicing program. The beam diameter can be adjusted using the focus offset which can
be altered to get the most even top surface melt with the given parameters. This is more notably
completed near the end of the process parameter development process.
A benefit of EBM is that that due to its operating environment, the resulting parts have a
lack of residual stresses. This is due to the less thermal gradient that there is in this technology.
For L-PBF the cooling rate is around 106 K/s, and the EB-PBF the cooling rate is around 104 K/s
[48,49]. This process also has a high production rate compared to laser. This is mostly due to the
speed of the electron beam movement. Since the beam is controlled by electromagnets instead of
galvanometers, this gives the system greater beam control. The beam also has more power than a
laser beam, so that is why larger feedstock is often used.
A drawback of the process is that the electron beam is not as focused as a laser beam can
get. This leads to lost feature resolution compared and rougher surface finish to that of laser. Also,
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due to the power source needing a complete circuit, it is required that the powder feedstock is
electrically conductive. There have been some advancements in ceramics being processed with
this technology; however, achieving fully dense parts are a challenge due to the materials brittle
nature [50]. Laser does not have to be electronically conductive, instead the absorptivity or
reflectivity of the photons is what is more important.
Added benefit of being built on sintered powder, that means that the powder bed it sits on
can withstand more thermal stresses. Whereas the laser powder bed is only built on the loose
powder and the DED needs a surface below. This also leads to difficulty of removing powder from
internal channels. The sintered powder can be an issue if the channel cannot be easily accessed or
inspected for de-powdering. This powder could have a negative effect on the use of the part such
as causing unintended fires. This process also can utilize a powder recovery system to remove the
sintered powder using its own powder. This prevents possible contamination and preserve the
feedstock integrity for as long as possible.
As mentioned previously L-PBF produced parts are prone to cracking primarily due to the
temperature gradient. EBM is a worthwhile alternative to investigate the manufacture of pure
tungsten due to the ability of the process to maintain a high temperature throughout the process. It
can keep the temperature above the above the Ductile-Brittle Transition Temperature (DBTT) for
the entirety of the build. This allows for successful manufacture during the process and is key to
creating the densest samples possible. The sensitivity of tungsten to oxidation at lower
temperatures leans toward the usefulness of the controlled vacuum of the EB-PBF system. The
sensitivity to oxygen would lead to much more oxides during the process which can ultimately
contaminate the build and weaken the material properties.
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2.3 TUNGSTEN
Pure tungsten has had limited success being commercially used due to the intrinsic
brittleness. China has 58% of the world’s tungsten and supplies 85% of world’s tungsten [51].
Pure tungsten does not occur naturally and must be refined from wolframite and scheelite which
ultimately leads to the more expensive metal to use.
2.3.1 Mechanical Properties
As mentioned previously, pure tungsten is very brittle at room temperature. Tungsten has
a high DBTT that can range from 250 – 400°C depending on the method of manufacture [52,53].
This means that tungsten has a brittle mode of fracture below this temperature and has a ductile
mode of fracture above this temperature. This requires specialized equipment to craft it into a shape
that would be usable. It also has a very high hardness which can slow the manufacturing of the
final product. Impurities like carbon, oxygen, and phosphorous increase segregations at grain
boundaries and contribute to the material’s brittle behavior [54]. There have also been challenges
with the joining of pure tungsten with other materials [55].
The material properties of pure tungsten are shown in Table 1.
Table 1 – Bulk Tungsten Properties [53,56–59]
Density at room temperature
19.2 g/cm3
Liquid density

17.6 g/cm3

Melting Point

3422°C

Thermal conductivity

174 W*m-1K-1

Melt Viscosity

8 mPa.s

Surface tension force

2.361 N/m

Yield strength at room temp

350-600 MPa
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2.3.2 Alloys of Tungsten
Due to the challenging nature of the manufacture of tungsten, there are alloys that improve
the machinability of the material. However, this usually comes at the cost of a lower melting point.
Tungsten heavy alloys is a composite like microstructure which can have armor-piercing projectile
applications [60]. This alloy is able to maintain the density and wear resistance that pure tungsten
is known for with the main downside being the low maximum operating temperature [61].
Tungsten-rhenium alloys is another potential region of interest for plasma facing materials, but
have only done so with PM technology [62]. Tungsten carbides are currently being used as
machining inserts, due to their high hardness and thus wear resistance [63]. There is potential to
explore more of these materials in EBM technology since alloys are usually easier to additively
manufacture than pure metals.
2.3.3 Conventional Manufacturing of Tungsten
Conventional fabrication methods like milling have not been very successful due to the
pure tungsten high hardness and brittle behavior. Currently tungsten is being manufactured mostly
with PM or powder injection molding [64,65]. However, this limits the geometries that are
available since it is determined by the mold it is injected into. Also, sintering of PM parts can
impact the end geometry of the part. Spark plasma sintering is another method that can assist with
the manufacture of this material [66]. Most of these processes can also keep the part from having
fully dense parts. The current developments of additive manufacture are being investigated as
methods to pass these hurdles.
2.3.4 Advancements with AM
Most of the research done on pure tungsten have been with L-PBF technology. With
varying degrees of success. Most of the L-PBF research has had porosity around ~95% of relative
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density. This is related to cracks in the material. Also there can be balling effects that can occur
due to the manufacturing method which is a result of rapid cooling rate during the process [67].
Due to the temperature gradient that the material experiences during the process, there are regions
that drop below the DBTT. This can also be a result of the residual stresses that are inherent in the
L-PBF process. An elevated substrate temperature was shown to reduce cracking during the
process; however it does not completely mitigate the issue [68]. There have been further studies
of the addition of secondary phase particles such as Y 2O3 that reduces the cracking potential of the
material [69].
Wright was able to build dense parts from EB-PBF technology. Since the preheat process
is used for every layer, the entirety of the build plate was able to maintain a high enough
temperature that there was no cracking seen in the cross section. Others this past year have also
found success with EB-PBF for this metal. However, there has not been adequate descriptions of
the pitfalls of this technology.
The option post-processing using Hot Isostatic Pressing (HIP) might be investigated
further. Post-processing with this technology can assist with the refinement of grains and thus the
mechanical properties while reducing the porosity especially if there are additives included that
can be dispersion strengthened with TiC [70]. The AM process can often create large grains due
to the repeated heating and cooling, and this process can assist with the adjustment of this process.
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Chapter 3: Experimental Methods
3.1 POWDER FEEDSTOCK
The tungsten powder feedstock was purchased from Tekna (Québec, Canada). The powder
size and sphericity were analyzed using the Retsch Camsizer X2 (Haan, Germany). The powder
was tested for apparent density and flow rate using a Hall Flowmeter funnel per ASTM B212 and
B213, respectively [71,72]. ASTM B215 designated the sampling methods that are representative
of the starting material [73]. The powder was mounted and ground to evaluate internal porosity
and took Scanning Electron Microscope (SEM) images using JEOL JSM-IT500 (Tokyo, Japan) as
well as optical microscopy (OM) images using an Olympus GX53 (Tokyo, Japan). The chemistry
of the powder is analyzed to ensure it is within specifications.

3.2 EBM SYSTEMS
As mentioned previously an Arcam S12 and A2X (Mölnlycke, Sweden) EB-PBF machines
were used to complete this experiment. The build envelope for the S12 is 200 x 200 x 180 mm,
and for the A2X is 200 x 200 x 380 mm. The machine maintains a powder bed temperature of
upwards of 1100°C [74]. The electron beam has a power of 3 kW focused with a tungsten filament.
The filament was replaced after a maximum of 60 working hours. The chamber was in a controlled
vacuum of 2.0 e-3 mbar that is stabilized by a helium bleed. A 150 x 150 x 10 mm stainless steel
build plates that did not have excessive debris on the surface were cleaned and used. After a run
was completed, the powder was vacuumed and pneumatically sieved with a 150 µm mesh to
remove agglomerates. The software version of the EBM control software was 3.2 for earlier
experiments and 5.2 for the later experiments. The 5.2 software provides rotating hatch feature and
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other advanced scanning strategies. Figure 9 shows the clean Arcam A2X before a new material
is loaded and with the metallization removed.

Figure 9 – Clean A2X chamber
3.3 KEY PROCESSING PARAMETERS
The process started with a 700°C outgassing for 15 minutes followed by a sintering
temperature of 1150°C for 35 mins. The main steps for the EBM process are the preheat, melt, and
wafer (support) steps. The preheat altered the average current and number of repetitions were
altered to maintain the temperature. The contours for the melt step were disabled to primarily
concentrate on the hatch parameters. Different melt currents and speed functions were varied to
alter the energy density into each layer. The hatch distance was altered between 0.150 and 0.200
mm. The support parameters were derived from the Wright thesis [75]. The layer thickness for
these experiments was 0.050 mm. A summary of the latest processing parameters is shown below
in Table 2.
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Table 2 – Latest Processing Parameters for Tungsten
Preheat
Preheat 1
Size of Square
80 mm

Preheat 2
Melt

Hatch

Support

Avg Current

36 mA

# Repetitions

5 Reps

Avg Current

20 mA

# Repetitions

8 Reps

Focus offset

10 mA

Speed function

6

Current

20 mA

Max Current

20 mA

Current

7 mA

Focus offset

0 mA

Beam Speed

250 mm/s

3.4 BUILD PREPARATION
The experiment tried different build substrates, such as pure tungsten plate, niobium plate,
square 10 mm thick stainless-steel plates, and circular 25 mm thick stainless-steel plate. The heat
would need to be concentrated in the middle of the build plate and the various geometries were
tested. From spread across the plate to much closer together. The ultimate choice was one where
the size of the pre heat area was kept as small as possible. This did require that some sections be
turned off if required. Figure 10 has a sample of layouts used during the process.
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Figure 10 – Sample build layouts
3.5 SPECIMEN TEST PREPARATION
These samples were taken off the plate and sectioned. They were mounted in black
phenolic powder using an ATMTM OPAL 460 (Haan, Germany), and ground and polished using
an ATMTM SAPHIR 530 (Haan, Germany). Murakami’s Reagent was used as the etchant.
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3.6 DENSITY MEASUREMENTS
The density for the produced samples were completed by Imagej software for the more
porous samples. Parts were sectioned and images were taken and analyzed by the software to
estimate the porosity of the sample. The OM picture was converted into black and white binary
and the “Analyze Particles” function in Imagej was used. This was done over multiple different
areas to get a sufficient estimate on the percent porosity. For the tungsten samples with <2%
porosity, the bulk density was determined using the Archimedes’ principle per ASTM B311 [76].

3.7 MICROSTRUCTURE CHARACTERIZATION
The microstructure was inspected using the OM, and the grain size was calculated by
ASTM E112 [77].
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Chapter 4: Results
4.1 POWDER FEEDSTOCK
The powder particle size has a distribution of d10: 53.0 µm, d50: 69.4 µm, and d90: 89.4 µm.
The average sphericity was 0.96 with the ideal sphere being 1. The Camsizer data is shown in
Figure 11. The measured apparent density is 11.06 g/cm3 and the flowability is 5 sec / 50 grams.
The chemistry of the powder is >99.98 weight % pure tungsten with <0.005 % Carbon and < 0.010
% Oxygen. SEM images is shown in Figure 12 and OM images are shown in Figure 13.

(a)

(b)

Figure 11 – Tungsten Camsizer Data (a) Particle Size Distribution (b) Shape Distribution
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Figure 12 – SEM of Tungsten Powder

Figure 13 – OM of Tungsten Powder
4.2 DENSITY MEASUREMENTS
The volumetric energy density Eρ is calculated by the following equation (1).
𝐸 =

∗
∗ ∗

=

∗ ∗
∗

(1)

The variables represent the key processing parameters including the high voltage supply
V, beam current I, hatch distance h, beam speed v, and layer thickness t. Since the beam speed can

28

be challenging to account for when using the speed function, the beam speed could be estimated
to be the area of the melt A divided by the beam time t.
Figure 14 is a plot of the energy density vs. the measured density. Figure 15 shows some
OM images of the tungsten of various measured densities.

Relative Density vs. Energy Density
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Figure 14 – % Relative Density vs. Energy Density
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(a)

(b)

(c)

Figure 15 – Mounted tungsten samples at (a) 57% dense (b) 91% dense (c) 98% dense
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4.3 MICROSTRUCTURE
Figure 16 shows the etched samples of the densest mounted sample. The black areas in the
samples are pores in the sample.

(a)

(b)

(c)

(d)

Figure 16 – Microstructure of Tungsten (a) & (c) X-Z plane sectioned, (b) & (d) X-Y plane
sectioned
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Chapter 5: Discussion
5.1 POWDER FEEDSTOCK
The feedstock size is within the Arcam’s specifications of the range which is about 45 –
150 µm in diameter. The apparent density is ~57% of the pure tungsten density. This is a good
precursor to the shape of the powder being mostly spherical and is supported by the Camsizer
shape data. The size and shape lead to excellent flowability of the powder. The chemistry analysis
also showed that the powder was high purity tungsten with slight carbon and oxygen which can be
challenging to remove completely.
The SEM images show a mostly spherical powder with some pores seen in the powder.
The OM section of the powder shows some pores within the powder, but it does not seem
significant <1% powder porosity. The density of tungsten and the high melting point allows for a
strongly spherical formation of the powder with relatively few trapped gas porosities.

5.2 BUILD REVIEW
There is not much published information on an adequate build geometry that allows for a
successful build. This section is an attempt to discuss that pitfalls that might occur during the EBPBF process. The first step is the proper choice of build plate. For tungsten plates, the welding of
tungsten or any refractory metal makes the interface very brittle [2]. This led to insufficient layer
adhesion and ultimately failure due to delamination. Regarding stainless steel build plates, the
amount of energy needed to melt the powder is too much for the substrate and actively melts the
substrate. Figure 17 shows the various substrate deformation that led to improper powder
distribution and build failure. The best solution found would be is to build only the supports on the
build plate since that has shown to be enough energy to firmly attach to the plate while also
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maintaining a structure for the subsequent melt. This creates an energy gradient that is strong
enough to adhere to the plate while providing a suitable structure for the subsequent layers.

(a)

(b)

Figure 17 – Stainless steel build plate deformation (a) build plate warpage (b) over-melting of
top surface
The other issues were that there is substantial energy that goes into each layer. If the heat
is not drawn away from the surface, then there will be localized swelling. This can lead to uneven
powder distribution and again build failure. The design of the support was critical, and thus needed
to draw heat away from the surface and into the build plate below. The proposed design is shown
in Figure 18 below. Even with a small hatch spacing of the support wafer, it was insufficient to
draw the heat away. A volume support was created around the base of the part that goes 2 mm
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above the melt. This allowed for heat mitigation during the process and assisted the completion of
cylindrical builds.

(a)

(b)

Figure 18 – Support design (a) CAD model (b) as printed
The build geometry or layout is also critical to the successful build. The temperature
gradient is important to be maintained and thus the spacing between the test coupons need to be
accounted for. The best way to do that is to group the builds together or decrease the distance
between the coupons. If there is excessive sintered powder between areas of melt or else there are
chances of only a couple of sintered layers delaminating and peeling away from the surface. This
leads to debris in the powder bed and an uneven powder distribution when raking. The top surface
of the build is a good indicator of what occurs on a layer during the met process.
The more porous samples had top surfaces that were more globular than the ones with
visible melt tracks. Figure 19 below shows the difference between un-optimized and better
optimized build parameters. As is discussed in the following section, the energy density into the
part is a major contributor to the part defects.
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(a)

(b)

Figure 19 – Top surface (a) 75% dense (b) 97% dense
5.3 ENERGY AND DENSITY DISCUSSION
The density is as built and is taken at a point where the melt was the most even. The various
combinations of speed functions and currents led to the energy density shown in the X-axis of the
Figure 14. An issue that was not noticed until later was the effect of the current compensation on
the small blocks or melts with shorter vectors. When completing the geometry shown in Figure 19
(b) the current almost immediately was at a high value of the current inputted. However, for the
smaller blocks with shorter melt vectors the software lowered the current below what was inputted
like Figure 19 (a). This caused an incorrect assumption that the current was insufficient into the
layer. After reviewing the log files, it can be seen the certain trend of the current. Figure 20 is a
plot of the beam current vs. time of the build. The current compensation does not plateau in Figure
20 (a) which implies that the specified current that was inputted into the parameters were not
achieved and thus providing inaccurate results.
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(a)

(b)

Figure 20 – Current compensation effect (a) un-optimized parameter (b) optimized parameter
The energy density that produced the best results were around the 370 J/mm 3 range to
produce ~98% dense parts. This is supported by a plot from Ellis et. al. This plot is shown in Figure
21. Our parameters would fit in with the main cluster of points shown for achieving high density
parts.
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Figure 21 – Relative Density vs. Energy Density [78]
In our experiments, we did not have an energy density high enough that showed overmelting. The experiments dealt with mostly under-melting, thus porous, or sufficiently melted.
Future experiments could expand this area to see if higher density parts are achievable

5.4 MICROSTRUCTURE DISCUSSION
The microstructure is like that discussed in literature. The publications that discuss the
grains show that there are columnar grains in the build direction and equiaxed grains in the X-Y
section. This is mostly due to the grain creation that follows the path of cooling [79]. Unlike in LPBF processing of tungsten, there were no apparent cracks in the sectioned surface. This can have
a significant impact on the mechanical properties of the bulk material.
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The grain size is very large both in the equiaxed grains and the columnar grains. The
average size of the X-Y section of the columnar grains is about 180 µm. The grains shown in
Figure 16 run the entire length of the sectioned sample. Current processes of post-processing such
as the HIP can assist with the adjustment of the microstructure and have the added benefit of further
reduction in porosity. Dispersion strengthening also might be an option to adjust the grain size of
“as built” parts.
Upon inspection, the main source of porosity is due to the macro defects. The side surface
of the build showed that there was improper adherence to the layer below. This is mostly a result
of improper powder distribution per layer. There needs to be more powder distributed per layer
and thus the powder pulses in the software needs to be increased. This can also be a result of the
current compensation as discussed previously. As mentioned previously, the current is lower on
the start and end of the layer if the compensation is activated. This could have caused un-optimized
parameters on the ends which led to delamination. Figure 22 shows the macro defects of densest
samples. Every 5 mm there were delamination effects that can be fixed with more powder
distribution.

Figure 22 – Showing the macro defects in otherwise dense tungsten columns
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Chapter 6: Conclusions & Future Work
The goal of the tungsten project was to get the densest samples produced from EB-PBF
technology. The powder feedstock had great flowability, size, and shape for this process. The build
plate and layout are essential to getting a fully completed build. The supports of the melt need to
be designed to be able to pull heat away from the top surface of the melt and transfer it elsewhere
such as the build substrate. The main method of failure was delamination due to improper layer
adhesion. The energy density that gave the highest relative density, 98%, was greater than 370
J/mm3. This process did not have regions of over-melting. Subsequent experiments should use this
as a base point for energy density into each layer.
For future work, it would be improving the density of the as built tungsten. A higher energy
density could be put into the melt to ensure proper melting and powder distribution. The supports
could also be optimized to draw more heat away from the surface which can be aided by creating
cross supports between the outer rings. Another avenue to increase density would be to further
investigate post-processing of the “as built” specimens. A (HIP) process can possibly assist with
making a more equiaxed grain structure in the build direction, which would then lead to more
isotropic properties within the sample.
Further experiments could also build a tungsten tensile and compression coupon and
inspect the bulk material properties to compare it to alternate methods of manufacture. Also, it
would be useful to experiment with various build geometries that AM is known for. Figure 23 is
an example of a lattice design that has potential to be built with EB-PBF technology. This can help
the additive manufacturing understanding to advance it forward with new materials and with more
testing that can be referenced. Alternative tungsten alloys with additions could be investigated.
Alloying elements generally make the pure metal less brittle which can lead to better layer to layer
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fusion during the AM process. However, experiments should be completed to investigate any
negative impact of high radiation or heat flux into these alloys to see if they can be used in a nuclear
fusion reactor. This can advance the ability for more tungsten experimentation and the creation of
new geometries.

Figure 23 – Tungsten lattice with crack midway through

40

TiAl Post Processing Development

41

Chapter 7: Introduction
7.1 TIAL APPLICATIONS
Titanium aluminide, also known as γ-TiAl is a lightweight material that has attractive
material properties for the automotive and aerospace industries [80]. This makes it feasible to use
in turbochargers as well as in Low Pressure Turbine (LPT) blades [81–83]. The lightweight
properties can increase the turbine or engine efficiency. For example, in 2011 this material has
been adopted by GE for LPT blades in their GEnx™ engine which is used on the Boeing 787
Dreamliner and 747-8 [84]. Figure 24 shows the LPT bade and its location within a GEnx-1B
aircraft engine. The new engine provided a 20% reduction in fuel consumption, 50% reduction in
noise, and 80% reduction in NOx emissions compared to similar class engines [85]. There is also
potential for this material for supersonic and hypersonic applications since the friction of the air
above Mach 1 can heat the surface temperature to around 1600°C on the leading edge [86,87].
This requires that materials are chosen that can withstand that temperature while maintaining
suitable material properties.

(a)

(b)

Figure 24 – A photograph of (a) TiAl LPT blade (b) turbine section [85]
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TiAl is an intermetallic which means it is a solid solution consisting of two or more ordered
solid state compounds that maintain a stoichiometric composition over a range [88]. TiAl has a
low density and high modulus and decent creep strength from temperatures ranging from room
temperature to around 800°C [82,89,90]. When normalized for density the specific strength and
specific modulus is almost twice than that of the nickel based superalloy Inconel [11]. Figure 25
shows the Young’s modulus normalized by density, specific modulus, comparing these two
materials. Referring to Figure 2, shows the niche for titanium aluminide alloys as well for high
temperature applications. The specific modulus is almost twice that of Inconel 718. However, the
main challenge is the manufacturability of this alloy. Intermetallics are known to have an inherent
brittle nature which leads this to be challenging to manufacture by conventional means [91].
Additive Manufacturing (AM) is a growing field that is currently making advancements in the
manufacturability in this material [82].

Figure 25 – Specific modulus vs. maximum operating temperature [91]
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7.2 SECTION OBJECTIVES
This section is structured to accomplish the following objectives:


Use Electron Beam Powder Bed Fusion (EB-PBF) AM technology to manufacture
dense TiAl parts using previously verified parameters



Investigate the post processing mechanical and microstructure effect of TiAl with
Hot Isostatic Pressing (HIP) and subsequent heat treatment
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Chapter 8: Literature Review
8.1 TITANIUM ALUMINIDE
Titanium aluminide has had increasing interest and research in the for the most recent
decades. As mentioned previously it has a high specific strength and has the potential to phase out
the Inconel alloys in the aerospace industry. The main hurdle holding this technology back is the
manufacturability of the material and the resulting material properties. Figure 26 below shows a
binary phase diagram of the alloy.

Figure 26 – TiAl Binary phase diagram
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8.1.1 Microstructure
As mentioned previously, TiAl has intermetallic phases in the binary phase diagram. There
are two phases of structural and engineering interest are the α 2 (Ti3Al) phase and the γ (TiAl)
phase. Most of the focus has been on the γ-TiAl, with a smaller percentage of the α 2 phase. The
amounts of α2 make the alloy less brittle which is beneficial for the part at large. The phase
transforms from α (hcp) to α2 (DO19) and γ (Ll0) [11].
This alloy can have different microstructures based on the manufacture and post-processing
of the material. These are a duplex microstructure an equiaxed microstructure and a lamellar
microstructure. Microstructure of AM part is different from as cast ones. In as built EBM γ-TiAl
coupons, the nominal grain size is 8 µm as compared to greater than 1200 µm for as-cast material
[92]. The various microstructures are as shown in Figure 27. The equiaxed phase is mostly γ grains
with trace amounts of α2 in the grain boundaries. The duplex structure intrudes various amounts of
lamellar colonies which have alternating γ and α2 phases. At higher temperatures of heat treatment,
it can be fully lamellar. The heat treatment can be made to alter the mechanical properties with a
high level of homogeneity [93].

Figure 27 – Possible microstructures of TiAl [94]
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8.1.2 Material Properties
TiAl has very comparable properties to the nickel-based superalloy of Inconel. However,
it is limited in the brittleness of the intermetallic. Table 3 below is a summary of the material
properties comparing it to common Inconel alloys.
Table 3 – The comparison between TiAl and nickel base super alloys [95]
TiAl

Superalloys

Density (g/cm3)

3.9

8.3

Yield Strength (MPa)

275-620

850

Tensile Strength (MPa)

360-655

1000

Ductility (%) at RT

1-3

3-5

Modulus of Elasticity (GPa)

160-175

206

Poisson’s ratio

0.27

0.29

Coefficient of thermal expansion (10-6 /⁰C)

10.8

14.8

Thermal conductivity (W/m*K)

22

11

Max. use temperature (°C)

800

1000

8.1.3 Alloys of TiAl
Current alloys include various percentages of aluminum between 44-48 atomic percent
(at%) aluminum. Some other alloys have around 0-5 at% of niobium, tantalum, tungsten, or
chromium to assist with the manufacturability of these materials. There is a division between
second wave and third wave TiAl alloys which all have various functions with the third wave of
alloys having superior mechanical and environmental properties [96].
The alloy investigated is Ti-4822 which is the alloy with 48 at% aluminum. This is between
the line between the pure gamma phase and the combination of gamma and alpha 2 phases. This
includes 2 at% chromium and 2 at% niobium. Figure 28 below shows the effect of the alloying
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elements on the binary phase diagram. The main area of interest for the post processing is the α +
γ region since this has shown to produce the various microstructures shown in Figure 27.

Image showing the different alloys and
effect on phase diagram

Figures 28 – Effect of alloying elements on a binary phase diagram [97]
8.1.4 Current manufacturing of TiAl
Currently there are a handful of processing routes to make complete parts with materials
that are brittle at room temperature. Figure 29 shows a schematic of processing routes for γ-TiAl.
These include casting, wrought processing, powder metallurgy, and additive manufacturing [82].
Centrifugal investment casting is where molten metal is poured into a cast. The metal cools until
it freezes and then the cast is removed which reveals the completed part [98]. Wrought processing
for example are when the material is hot-worked and deformed at high temperatures to fabricate
the final part. Isothermal forging is where the metal and die are at a similar temperature. Powder
metallurgy is where the metal is first turned into powder form. This is a proven method to produce
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Inconel components [82]. This powder is then manipulated to create the final product through
different methods.

Figure 29 – Methods of manufacture of current processing routes of TiAl [99]
These technologies come with their own challenges. The casting process can create
columnar grains and significant variability throughout the process [100]. The cast must undergo
extreme temperatures while maintaining its structure. The wrought processing needs to be
completed at extremely high temperature. As mentioned, these materials are very brittle, so they
need to be at elevated temperature to be ductile enough to be deformed. The cost of these
technologies along with the waste produced can be a limiting factor when it comes to how the
technology can be developed. There is also the possibility of oxidation and contamination that
could be from the casting crucibles themselves [98]. AM has a good chance of being a practical
way to manufacture these materials. The conventional cast materials undergo slow cooling, which
leads to the formation of coarse grains with severe segregations and thus heterogeneity.
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Metal AM can create near net shape parts that can be used quickly without having to
manufacture expensive tooling or manufacturing processes to complete the task. Also, the near net
shape production of the product can lead to creative designs that would not be possible by
conventional means. This is one of the main benefits of AM and could be utilized to the fullest.
An added benefit of AM is the reduction of waste. This can work to save as much material as
possible and is especially useful for expensive materials.
8.1.5 Post processing of TiAl
To remove possible imperfections during the AM process, hot-isostatic pressing can be
performed on the sample. This is a commonly performed process for powder metallurgy. This is
where the final parts are subjected to an elevated temperature and an isostatic pressure. This has
been shown to reduce the porosity in the final product. It is also involved with homogenizing the
microstructure. The HIP parameters chosen were a result of the various parameters shown in
literature. Kim et. al found that HIP at 1200°C and 100 MPa for 4 hours sufficiently closed pores
while increasing the grain size from 8 µm to 10.5 µm [92,95]. Ackelid et. al had slightly higher
temperature of 1260°C and 170 MPa for 4 hours that increased the grain size to 16 µm [94].
This however can also change the microstructure of the material. Since this microstructure
has a significant impact on the bulk material properties, this is something that needs to be adjusted
for. There is the option to perform subsequent heat treatments to get the microstructure desired.
The heat treatment that follows is the most influential on the final mechanical properties of the
material. The heat treat process can vary the types of microstructures seen in the TiAl region. A
current goal is to get various volume fraction on the resulting microstructure of gamma equiaxed
grains and α2/γ lamellar colonies. An example of the areas of heat treatment is shown in Figure 30.
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The heat treatment of the process can have various microstructures based. The two step of heat
treatment shows an increase in creep resistance with a two-step heat treatment [101].

(a)

(b)

(c)

(d)

Figure 30 – Various microstructure of TiAl (a) mostly equiaxed (b) duplex microstructure (c)
almost fully lamellar (d) fully lamellar
8.2 ADVANCEMENTS WITH EB-PBF
For these materials, the EB-PBF technology was investigated for its use of a high
temperature build environment as well as the near vacuum build chamber. This allows for the parts
to be manufactured without too much worry that is will be oxidized during the process. Also, since
the cooling rate is much less in EB-PBF compared to the laser it would be a better fit. The cooling
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rate in laser is roughly 106 K/s and the EB-PBF cooling rate is 104 K/s. EBM has reduced cracking
as a result of thermal stresses and it’s the currently preferred method of manufacture [102]. This
technology was chosen based on its ability to do a preheat step in between the melt layers. This
can significantly lessen the thermal gradient that the product. The brittle nature of the material
allows this to be a reliable manufacturing method.
The building direction of this material can influence the microstructure and thus the tensile
properties of the material. This is due to the repeated melting and solidification of the layer-bylayer process [103]. However, if post-processing like the HIP process is performed, it can
homogenize the microstructure to the point of the influence of the build direction not to have a
significant effect.
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Chapter 9: Experimental Methods
9.1 POWDER FEEDSTOCK
The TiAl powder feedstock was received from Praxair (Danbury, USA) with a size
distribution stated of 45-106 µm. It was created by vacuum induction melt argon gas atomization.
This material was previously used in 2016 and mixed in a virgin batch of material. The same
methods as section 3.1 were used to characterize the powder.

9.2 EBM SYSTEM
The same methods and machine as section 3.2.

9.3 KEY PROCESSING PARAMETERS
Parameters that were previously determined were used that proved to provide parts with
low porosity. These previously developed parameters were able to achieve > 99% density in the
as built part. The layer thickness is 0.070 mm, and the hatch distance is 0.20 mm. The size of the
preheat was 80 mm. There was an outgassing temperature of 700°C for 10 mins and a sintering
powder under plate 1050°C for 30 mins. The processing parameters are shown below in Table 4.
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Preheat

Table 4 – Processing parameters for TiAl
Preheat 1
Avg
15 mA
5 Reps
Preheat 2

17 mA
8 Reps

Melt

Contour
Hatch

Support

3 Contours
Start with contour

Outer to Inner

Focus offset

4 mA

Speed function
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Current

12 mA

Max Current

21 mA

Current

8 mA

Focus offset

0 mA

Speed

2000 mm/s

9.4 BUILD GEOMETRY
As mentioned in the previous major section, the geometry of the build is essential to getting
a complete and successful build. Since TiAl is no exception, the geometry was created to maintain
a consistent temperature throughout the process. Some LPT blades were manufactured to further
emphasize the ability of the technology to complete the task. A turbocharger was also built with
this technology along with tensile bars to showcase the abilities of the technology. Sample setups
of the geometry are shown in Figure 31.
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Figure 31 – Various TiAl builds showing a LPT blade
9.5 SPECIMEN TEST PREPARATION
These specimens were prepared in the same way as method as 3.5. The etchant used was
Kroll’s reagent.

9.6 DENSITY MEASUREMENTS
The density for the produced samples were completed by Imagej software. Since TiAl can
have a varying density, the amount of porosity of the OM images was instead reported. The same
methods of density measurements were used as in section 3.6.
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9.7 HOT ISOSTATIC PRESSING (HIP) AND HEAT TREATMENT (HT) PARAMETERS
12 samples were subsequently HIPed and heat treated. The HIP was completed using a 645H HIP system. The samples were HIPed at 1180°C for 4 hours with 200 MPa of argon pressure.
Figure 32 below shows the temperature and pressure vs. time.

Figure 32 – Plot of temperature and Pressure vs. Time
After the HIP process, a varying HT process was completed for 4 of the 12 samples or one
third of the total. This is within the two-phase field. A plot of the three different cycles is shown
below. This was done in a Carbolite Gero (Neuhausen, Germany) tube furnace. A multistep
process was implemented to control the heating and cooling of these parts. They would be raised
above the α-Transus temperature to homogenize the sample at a rate of 5°C/min.
Then the annealing temperature is varied for each group of samples decreasing at a rate of
5°C/min to of 1150°C, 1220°C and 1340°C for 4 hours. A second heat treat is a dwell at 800°C
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for 6 hours, which as stated previously can improve the fatigue properties of the material. The
second heat treat dwell is the stabilization step that the part will undergo during performance. Then
the samples then cool at a rate of 5°C / min. Figure 33 is a summary of the heat treatment process.

Figure 33 – Various heat treatments for the three categories
9.8 TENSILE TESTING
Following the heat treatment, the tensile coupons were machined to a tensile specimen
geometry per ASTM E8 [104]. Room temperature tensile tests of the TiAl samples were completed
with an MTS Servohydraulic tensile testing machine with an MTS 632.24E-50 - 1” extensometer.
The axial speed of the machine was 2 mm/min.

9.9 MICROSTRUCTURE MEASUREMENTS
The microstructure was inspected using the OM, and the grain size was calculated by
ASTM E112 [77].
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Chapter 10: Results
10.1 POWDER FEEDSTOCK
The powder had a distribution as shown in Figure 34. The particle size has a distribution
of d10: 58.7 µm, d50: 98.5 µm, and d90: 140.3 µm. The average sphericity was 0.92 with the ideal
sphere being 1. The apparent density was 2.19 g / cm3 and the flowability was 32 sec / 50 g with
static start to flow.

Figure 34 – Camsizer data for TiAl sample
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The chemistry of the powder was as tested and compared to the in Table 5 below.
Element
Ti
Al
Nb
Cr
Fe
C
H
N
O

Table 5 – Chemistry of Ti-4822 Powder
Min
Max
Measured (wt %)
58.9
33.5
34.8
33.8
4.5
5.1
4.6
2.2
2.8
2.5
0.08
0.08
0.015
0.004
0.003
0.001
0.02
0.02
0.1
0.1

The SEM and OM images of the powder is shown in Figure 35 and Figure 36, respectively.

Figure 35 – SEM images of TiAl powder
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Figure 36 – OM images of TiAl powder
10.2 “AS BUILT” DENSITY
Using the parameters above and the energy density equation from section 4.2, the energy
density into each layer is about 40 J/mm3. The OM images of the samples are shown below in
Figure 37. This shows the “as built” density. The densities of the samples were measured to be
>99% density or <1% porosity seen. While the porosity has not disappeared, the pores have
decreased in quantity. Figure 38 shows the successful complex geometry of a turbocharger that
was built using the optimized parameters.
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(a)

(b)

Figure 37 – OM of (a) un-optimized build parameters (b) optimized build parameters
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(a)

(b)

Figure 38 – Turbocharger (a) “as built” (b) sectioned
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10.4

MATERIAL PROPERTIES
The tensile stress-strain curve is shown below in Figure 39. Figure 40 shows a stress strain

curve with an abnormal break near the ultimate tensile stress point. This had abnormal double
cracking at the threaded base.

(a)

(b)

Figure 39 – Stress vs. strain curve for (a) sample 1 (b) sample 5
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Figure 40 – Stress vs. strain curve for sample 9 with abnormal behavior after yield point
Table 6 below summarizes the key differences between the graphs.
Table 6 – Summary of tensile test data
1 (1150°C) 5 (1220°C) 8 (1220°C) 9 (1340°C) 12 (1340°C)
Young’s Modulus (MPa) 133.8
Yield Stress (MPa) 393
Yield Strain (mm/mm) 0.005
UTS (MPa) 403

169.0

155.5

173

167

364

378

373

379

0.004

0.004

0.004

0.004

420

413

387

423
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10.3 MICROSTRUCTURE
The HIPed microstructure is shown below in Figure 41.

Figure 41 – Microstructure of HIP specimens
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The HT effect is shown in the microstructure for the various heat treatments is shown in
Figure 42.

(a)

(b)
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(c)

Figure 42 – Microstructure of (a) 1150°C (b) 1220°C (c) 1340°C
Figure 43 below is a plot of the lamellar colony grain size vs. heat treatment temperature.

Grain size

Lamellar colony size (µm)

400
350
300
250
200
150
100
50
0
1100

1150

1200

1250

1300

Heat treat temperature (°C)

Figure 43 – Lamellar colony size vs. heat treat temperature
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Chapter 11: Discussion
11.1 POWDER FEEDSTOCK
Like with the tungsten powder stock, the powder has a good shape. It is not as ideal as the
tungsten powder but will allow for decent flowability and powder spread. The shape of the powder
is mostly spherical with few defects shown in the pores of the powder. The OM shows the pores
within the powder, the argon gas is trapped during the spheroidization process. There are more
pores seen here than in the tungsten powder. The chemistry of the powder is within specifications
for TiAl-4822.

11.2 BUILD REVIEW
Most of the issues arose from the powder distribution on some builds. On the S12
specifically, there were some issues with how the powder was distributed over time and worsening
at the higher layers. The pulse sensors, which are the main feedback loop for ensuring proper
distribution can sometimes become loose and fail to give accurate readings. This can result in
either over or under fetching of the powder by the rake. On the A2X there was tighter control over
the powder distribution and thus led to more consistent builds. The parts built on the A2X
experienced less porosity, due to the consistently even powder layers.
The energy density and melt parameters were effective at creating an even melt path. This
also did not have excessive regions of over-melting or swelling. It has been reported that the energy
density can affect the outcome of the built microstructure, but since the parts were post processed
it was not as influential. For these build parameters the energy density into the part was around 40
J/mm3. It is almost an order of magnitude less than that of what is required for tungsten.
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After experimentation, it was noted that there is a strong propensity for smoke events. The
operating temperature must be kept above 1000°C to reduce the possibilities for the smoke events.
These events would cause an uneven powder distribution and lead to either over or under melting
between layers. Since the requirements of this test need to be at high temperatures, it is
recommended to use an A2X machine that can handle that temperature. There were issues of
column overheating in the S12. If the S12 were to be used, it is recommended that a modified build
tank be used to minimize the build area so that the chamber heat would not affect the column
temperature.
Also, due to the aluminum element in the compound, this process can experience excessive
metallization of the surfaces. An image of this metallization is shown below in Figure 44. This
metallization can interfere with the build by causing flakes of metal interfere with the electron
beam or the powder distribution. This can also interfere with the powder sensors which as stated
previously are the main feedback mechanism in the part. If these become obstructed, improper
powder distribution can be a major concern. Routine maintenance of the process is essential to
having repeatable builds.

Figure 44 – Metallization on surfaces after a TiAl build
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11.3 MICROSTRUCTURE ANALYSIS
The as built samples show the small amounts of gamma equiaxed and then large equiaxed
regions. This likely might be caused by overheating of the immediate area. Microcracks are also
seen at the equiaxed grain boundaries. The porosity seen has been reduced due to the HIP process.
The porosity was compressed to a significantly smaller size. The microcracks have been shown to
have been healed by the process. The microstructure is the grains can be seen and measured. The
grains are fine in the realm of 10 µm, which is in line with what to expect from after HIP processes
at this specific time, temperature, and pressure. They are not completely homogenous as there are
regions of coarser grains as seen in Figure 41. It is worthwhile to note that while the number of
pores has likely remained the same, and the HIP process shrank the regions significantly. There
are more equiaxed grains that could be seen. There are some fine lamellar colonies that can be
seen as well. The overall structure is still very dispersed. Even though the microstructure has been
changed after the as built condition, it does not completely homogenize the microstructure. There
is slight amount of texture that can be seen.
In the method of heat treatment proposed, the microstructure changed significantly from
the fine grains to larger lamellar colonies. The heat treat temperature was taken above the α-transus
temperature to attempt to homogenize the material before the heat treatment. This might have
dispersed the smaller equiaxed gamma grains that are known to hold the lamellar colonies into
shape and thus led unobstructed grain growth.
The cooling rate chosen might have also affected the size of the grains. The lamellar
colonies formed during the 1220°C heat treatment are smaller than the colonies in the 1150°C.
This might have been due to the cooling rate of 5°C/min. There were not significant regions of the
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equiaxed grains. Most of the samples had a mostly lamellar region. The estimated volume equiaxed
volume percent was about 20% equiaxed grain to 80% lamellar colonies for each of these heat
treatments. According to the grain size analysis, there was not a significant effect on the size of
the grains. Altering the ramp down time would likely lead to much more varied looking
microstructure information. To increase the grain coarsening, it might have gone too far, and the
grains all grew. Ideally the process would show varying microstructures as in Figure 30.
This was done at elevated temperatures and the results of the values show that it is indeed
stronger. This can be compared to Li et al that also tested tensile samples at elevated temperatures.
The main difference between this is the dwell time of 6 hours at the 800°C. Although it is best that
the microstructure changes happen now as opposed to during operation so that it does not have
unexpected microstructure changes. The lamellar grain size is the smallest for the 1220°C heat
treatment and it increases in both the 1150°C and 1340°C heat treatments. Also, the gamma
equiaxed grains are larger in the 1150°C but are more plentiful in the 1220°C specimen.

11.4 MECHANICAL PROPERTIES
The mechanical properties of the as built does show that the tensile the mechanical
properties are very similar. From Table 5 we can see that the yield strength and the ultimate tensile
strength happened shortly after. This is something that can happen for brittle materials. The heat
treatment shown had relatively similar properties. This shows that the properties are like those
made by bulk properties. The elongation did not get above 1% for all the heat treatment. This
would likely be due to the lamellar microstructure seen in the builds. The more equiaxed grains
have been likened to increased ductility. The heat treatment and cooling rate could be adjusted to
make significantly different microstructures. Such as those shown in Figure 30. At room
71

temperature, there was not significant reduction of area seen between the fracture samples. This is
understandable due to its brittle nature at room temperature. Having furnace cooling or air
quenching would likely result in much different microstructures.
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Chapter 12: Conclusions & Recommendations
In this section the post-processing effects on TiAl-4822 was investigated. Using electron
beam melting additive manufacturing technology, the material was able to be made and it shows
the potential of what could be done. The HIP and heat treatment of the TiAl samples were
completed and the microstructure inspected, and tensile tests performed. The tensile samples had
significant brittle behavior. The YS and the UTS were around the 380 MPa region with relatively
low elongation. The microstructure had only slight differences, which might have been a result of
the cooling rate chosen. A higher cooling rate might allow for more control of the microstructure
based on the heat treat temperature.
Future work could include experiments on the effect of the ramp rate on the HT process.
The ramp rate allowed for a lot of lamellar regions to form after it cools from the α-transus
temperature. If significant changes were to be noted, going above the α-transus temperature might
be avoided. Or the ramp rate could increase to lessen the grain growth of the material. Also, future
work would include fatigue studies and possibly at higher temperatures. Moreover, fatigue or creep
information about the as built turbine would be very useful to know. A financial analysis would
need to be run to ensure that the subsequent processes of the HIP and HT would provide a
significant region of improvement. This can help the additive manufacturing understanding to
advance it forward with new materials and with more testing that can be referred to.
These two experiments lay the groundwork for future manufacture of brittle materials using
EB-PBF technologies. The main issues of the process and possible pitfalls were laid out to assist
research after the fact to be completed successfully.
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